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Abstract: Synthesis, crystal structure, thermal stability, and electronic 
band structure of four new metal antimonides AMSb (A = Rb, Cs; M = 
Zn, Cd) are reported. CsZnSb and RbZnSb crystallize in the 
hexagonal ZrBeSi structure type, in a P63/mmc space group (No. 194, 
Z = 2) and unit cell dimensions of a = 4.5588(2)/4.5466(4) Å and c = 
11.9246(6)/11.0999(10) Å. CsCdSb and RbCdSb crystallize in the 
tetragonal PbFCl structure type in a P4/nmm space group (No. 129; 
Z = 2) and unit cell parameters of a = 4.8884(5)/4.8227(3) Å and c = 
8.8897(9)/8.5492(7) Å. All four compounds are air- and water-
sensitive and are shown through DSC measurements to decompose 
between 975 K and 1060 K. Analysis of the calculated electronic band 
structure shows that the Zn-containing antimonides are topologically 
trivial narrow bandgap semiconductors, while Cd-containing 
compounds exhibit a band inversion along 𝛤𝛤 − 𝑍𝑍 direction. 
Introduction 
Metal antimonides have been shown over the years to possess a 
wide range of flexible and interesting structures. These include 
binary, ternary, and multinary structures that range from simple 0-
D to complex 3-D motifs.1-6 Because of this, metal antimonides 
have found themselves at the forefront of many applications, such 
as thermoelectrics, photodetectors, LEDs, integrated circuits, and 
others.7-11 A notable example is the well-known Yb14MnSb11, 
which has been identified as an efficient high-temperature p-type 
leg for thermoelectric generators.11-13 
 
Examining the reported compounds in the ternary alkali metal–
antimonide systems, two things become apparent: i) there is a 
high number of compounds with 111 stoichiometry that crystallize 
in extraordinarily common ZrBeSi or PbFCl structure types; and 
ii) that a large number of these compounds are found for the 
lighter alkali metals (Li, Na, or K) while the heavier metals (Rb or 
Cs) are underrepresented.14-15 The latter point is not as easily 
explained. It may be due to fundamental issue that the size of the 
largest cations makes their ternary compounds less stable. 
Practical challenges in containing of highly reactive Rb and Cs at 
the elevated temperatures in the reaction vessels that are 
compatible with other components may have also sequestered 
research using these metals. For example, at 873 K Cs and Rb 
violently react with silica ampoule, while melts containing Sb react 
with Nb and Ta ampoule material at this temperature. 
 
Some of the ABX compounds that crystallize in the ZrBeSi or 
PbFCl structure types have exhibited or been predicted to show 
interesting topological properties.16-21 These unusual electronic 
band structures have jumpstarted a large investigation into 
topological materials, their observed properties, and their 
potential uses in advanced electronics. In 2012, Zhang et al. 
published a large computational study predicting many 
unreported 111 ABX structures, attempting to sort the relative 
stabilities of the hypothetical compounds.22 Two of the most 
predicted structure types in this study were the ZrBeSi and PbFCl 
structure types. Among many compositions investigated in this 
report, they examined the hypothetical compositions RbZnSb and 
RbCdSb, concluding both to be energetically stable and should 
be synthetically achievable. Cs based compounds, however, 
were not explored in this study. 
 
In this work, we present four new compounds: CsZnSb, RbZnSb, 
CsCdSb, and RbCdSb. The Zn-containing compounds crystallize 
in the hexagonal ZrBeSi structure type, while changing the post-
transition metal causes CsCdSb and RbCdSb to arrange in the 
tetragonal PbFCl structure type. Synthesis, crystal structures, 
stability, and calculated electronic band structures for these 
compounds are discussed herein. The band inversion of CsCdSb 
and RbCdSb is explored and indicates potential topologically 
interesting properties. 
Results and Discussion 
Crystal Structure of AZnSb (A = Rb, Cs) 
 
AZnSb (A = Rb, Cs) crystallizes in the hexagonal space group 
P63/mmc (No. 194, Z = 2) in the ZrBeSi structure type, an ordered 
variant of the well-known AlB2 structure type (Figure 1). 
CsZnSb/RbZnSb have unit cell dimensions of a = 4.5588(2)/ 
4.5466(4) Å and c = 11.9246(6)/11.0999(10) Å (Table 1). These 
structures have three unique positions within the unit cell (Table 
2). The structure is built from flat hexagonal graphene-like layers 
of Zn3Sb3 that are stacked along the c-axis, with the alkali metal 
sitting at the center of the hexagonal prisms formed by two Zn3Sb3 
rings from adjoining layers. Additional refinement details and 
anisotropic parameters are presented in Tables 1-3. 
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Figure 1. The crystal structure of AZnSb (A = Rb, Cs): a) perspective view; and 
b) view along the c-axis (Rb/Cs: red, Zn: blue, Sb: orange). Unit cell is shown 
as black lines. 
To date, the ZrBeSi structure type has been well represented in 
the literature with numerous examples, such as: LiBC, AeMPn (Ae 
= Ca, Sr, Ba, Eu; M = Cu, Ag, Au; Pn = P, As, Sb), AeLiP (Ae = 
Sr, Ba), KZnPn (Pn = P, As, Sb), KMTe (M = Cu, Au), and KHgPn 
(Pn = As, Sb) to name a few.23-38 Additionally, the flat hexagonal 
layer can be found in more complex structures, such as the 
layered NaCu6.3Sb3 compound.39 Furthermore, there are also 
examples of structures that deviate slightly from this structure type 
by a puckering of the hexagonal layer, like in the case of LiZnSb.40 
This structure type has gained notoriety since the discovery of the 
superconductivity in MgB2.41 Interestingly, in contradiction with 
our experimental observations, the computational report that 
predicted RbZnSb to be energetically favorable, predicted it to 
crystallize in the LiYSn structure, which is a disordered version of 
the ZrBeSi structure type.22 
When comparing the unit cells of AZnSb (A = K, Rb, Cs) 
compounds crystallizing in the ZrBeSi structure type, an 
interesting trend becomes apparent: the a parameter of the cell is 
relatively independent of the size of the alkali metal situated 
between the layers. KZnSb, RbZnSb, and CsZnSb compounds 
have a lattice parameters of 4.54 Å, 4.55 Å, and 4.56 Å, 
respectively.34 Instead, we find that all expansion of the unit cell 
is directionalized along the c parameter that corresponds to the 
interlayer direction; 10.50 Å, 11.10 Å, and 11.92 Å for KZnSb, 
RbZnSb, and CsZnSb, respectively. This indicates that ZnSb 
layer defines the in-plane unit cell parameters and further 
expansion of the covalent Zn-Sb bonds is energetically 
unfavorable. This non-expansion of the a parameter with 
changing cation size appears to be a unique trend within this 
subset of materials when compared to known systems. For 
instance, in the AeCuSb (Ae = Ca, Sr, Ba), the a parameter 
increases from 4.45 Å to 4.52 Å to 4.61 Å for Ca-Sr-Ba 
compounds.26,29 
Zn-Sb distances within the Zn3Sb3 layers are 2.625(1) Å and 
2.632(1) Å for RbZnSb and CsZnSb, respectively, and are 
comparable to the sum of the two covalent radii (2.61 Å; rZn = 1.22 
Å; rSb = 1.39 Å),42 and Zn-Sb distances in isostructural KZnSb 
(2.621 Å) and puckered layered LiZnSb (2.687 Å).34,40 Other A-
Zn-Sb compounds on the other hand tend to have slightly longer 
Zn-Sb distances; 2.694 Å for the Cs8Zn18Sb28 clathrate, 2.720 Å 





Crystal Structure of ACdSb (A = Rb, Cs) 
 
Interestingly, when examining the Cd-analogues, we find that the 
observed structure has changed. ACdSb (A = Rb, Cs) crystallize 
in the tetragonal P4/nmm space group (No. 129; Z = 2) in the 
PbFCl structure type (Figure 2).46 CsCdSb/RbCdSb have lattice 
parameters of a = 4.8884(5)/4.8227(3) Å and c = 
8.8897(9)/8.5492(7) Å. Like their hexagonal Zn counterparts, the 
Cd structures have three unique crystallographic sites (Table 2). 
ACdSb (A = Rb, Cs) are layered structures, with alkali metal 
sandwiched between Cd2Sb2 slabs. These Cd2Sb2 slabs are 
composed by a square net of Cd atoms that are alternately 
capped by Sb atoms, with the alkali metal sitting opposite to the 
Sb capped position. Alkali cations are situated in the center of 
square prisms formed by eight Sb atoms. Additional refinement 
details and anisotropic parameters can be found in Tables 1-3. 
 
Figure 2. The crystal structure of ACdSb (A = Rb, Cs): a) perspective view; and 
b) view along the c-axis (Rb/Cs: red, Cd: blue, Sb: orange). Unit cell is shown 
as black lines. 
The PbFCl structure type is also quite common, with examples 
spanning much of the periodic table and include many 
compounds that do not contain electropositive alkali or alkaline-
earth metals. There are still numerous examples of compounds 
that are similar to the presented compounds, AMnPn (A = Li, Na, 
K, Rb, Cs; Pn = P, As, Sb, Bi), NaZnPn (Pn = P, As, Sb), and 
NaAlTr (Tr = Si, Ge) to name a few.47-55 The analogues of Cd2Sb2 
layers are also found in many notable systems, for instance in the 
Fe-based superconducting systems: FeSe, BaFe2As2, and 
isostructural LiFeAs etc.56-60 While many isostructural examples 
are present, we found only two other Cd-containing examples: 
KCdPn (Pn = As, Sb).61 
The observed Cd-Sb distances within the layers are 2.9566(8) Å 
and 2.9611(5) Å for RbCdSb and CsCdSb, respectively, which is 
significantly longer than the sum of their covalent radii (2.83 Å; rCd 
= 1.44 Å; rSb = 1.39 Å).42 Contrasting, in the isostructural KCdSb 
much shorter Cd-Sb distances of 2.858 Å are present.61 Longer 
Cd-Sb distances can be found in alkaline-earth zinc-antimonides, 
K2SrCdSb2 (2.93-3.09 Å), Ba3Cd2Sb4 (2.91-2.95 Å), BaCdSb2 
(2.92 Å).62-64 
Composition of all phases was further confirmed through energy 
dispersive X-ray spectroscopy, corroborating the SC-XRD results. 
The following compositions have been normalized to one alkali 










Synthesis and Calorimetry 
 
The synthesis of all title compounds can be achieved through a 
stoichiometric reaction of the elements. PXRD patterns taken of 
the samples are shown in Figure 3. Noise and additional features 
seen in Figures 3b and 3d are due to the subtraction of the air-
sensitive holder background. To offset the high vapor pressure of 
the alkali metals at high-temperatures, the samples were welded 
shut within Ta ampoules before sealing into fused silica tubes. For 
full homogenization of the samples multiple annealings at 823 K, 
with grinding in between, must be employed. The synthetic 
temperature plays a crucial role in the products obtained. If a 
temperature above 823 K is used, the collected products become 
amorphous or other compounds with different stoichiometries 
form (not discussed here). When the temperature is increased to 
approximately 873-923 K, reaction with the Ta vessel occurs and 
Ta3Sb can be found in the products. On the other hand, lower than 
823 K temperatures result in inadequate mixing and multiphase 
samples. 
 
Figure 3. Powder X-ray diffraction patterns for: a) CsZnSb, b) CsCdSb, c) 
RbZnSb, and d) RbCdSb (λ = 1.5406 Å). Experimental pattern shown in black, 
while red is the calculated pattern. The background from the air-sensitive holder 
has been subtracted for clarity in b) and d) creating background wiggles in the 
12-18° 2θ range. 
Both AZnSb and ACdSb systems are air- and water-sensitive, 
though the Cd-based compounds to a much greater degree. 
Immediate removal from an inert atmosphere results in a 
decomposition of the ACdSb phases, seen by PXRD. AZnSb 
compounds on the other hand are stable for a short period of time 
(~30 min.) at ambient conditions before noticeable degradation is 
detected by PXRD. 
Differential scanning calorimetry (DSC) measurements were 
performed for the AMSb (A = Rb, Cs; M = Zn, Cd) compounds 
(Figure 4). All four compounds show a broad endothermic peak 
upon heating, indicating either melting or decomposition. Onset 
temperatures are 975 K  (CsZnSb), 1040 K (RbZnSb), 1060 K 
(CsCdSb), and 1057 K (RbCdSb). DSC ampoules after these 
experiments were highly discolored, indicating reaction of alkali 
metal with silica. PXRD of the samples after DSC show no trace 
of the original title compounds. Though peaks are seen in the 
cooling plots for the ACdSb samples, only amorphous material 
remained according to PXRD. In turn, Rb2Zn5Sb4 and a small 
number of unidentifiable peaks are found for RbZnSb, in line with 
the depletion of sample with Rb due to reaction with ampoule 
walls; while the PXRD peaks from the CsZnSb DSC sample 
cannot be assigned to known crystalline phases. To probe 
whether these decomposition products are due to the incongruent 
melting of the sample or to reaction with the silica ampoule, AMSb 
samples were sealed within Ta ampoules and quickly annealed 
(15 min.) above their respective endothermic peak temperature. 
Unfortunately, all compounds reacted with the Ta ampoule during 
this timeframe, resulting in PXRD patterns containing Ta3Sb and 
amorphous products. 
 
Figure 4. DSC plots for: a) CsZnSb, b) CsCdSb, c) RbZnSb, and d) RbCdSb. 
The unlabeled arrows indicate the direction of measurement. 
 
Electronic Band Structure Calculations  
 
Figure 5 shows the electronic band structures of the title 
compounds, which have been calculated in density functional 
theory (DFT) with PBE as exchange-correlation functional and 
included spin-orbit coupling (SOC) interactions.65-67 Because 
some compounds in the ZrBeSi or PbFCl structure types have 
shown interesting topologically properties,16-21 we will discuss the 
band inversion features in detail. In Figure 5, potential band 
inversion is shown by the projection of Zn/Cd s orbitals (green 
dots) on the bands. KHgSb compound, which also crystalizes in 
ZrBeSi structure type, was first predicted as topologically trivial. A 
later study found it hosts hourglass surface states, a topologically 
non-trivial behavior protected by glide planes, one of the non-
symmorphic symmetries.17,20 For this to happen, the bands 
derived from Hg-6s orbitals need to be inverted below the valence 
band, so both the conduction and valence bands are derived from 






Sb-5p orbitals. In contrast, CsZnSb (Figure 5a) and RbZnSb 
(Figure 5c) have no such band inversion. The bands derived from 
Zn-4s orbitals remain as the conduction band along 𝛤𝛤 − 𝐴𝐴 
direction, similar to that in KZnP. Thus, they are topologically 
trivial with a narrow band gap around 0.3 eV. For the PbFCl 
structure type, ZrSiS and related compounds host nodal line loops 
without SOC and become weak topological insulators with Dirac-
like dispersion when SOC gaps out the nodal line loops.16 In 
CsCdSb (Figure 5b) and RbCdSb (Figure 5d), there is an 
interesting band inversion along 𝛤𝛤 − 𝑍𝑍  direction, with bands 
derived from Cd-5s orbitals being inverted below the valence 
band. But the exact topological properties are not clear and 
demand further analysis. 
 
Figure 5. Electronic band structure calculated in DFT with PBE+SOC for (a) 
CsZnSb, (b) CsCdSb, (c) RbZnSb and (d) RbCdSb. The valence band is plotted 
in blue and projection of Zn/Cd s orbitals are highlighted as green dots. 
Conclusion 
Four new ternary metal antimonides AMSb (A = Rb, Cs; M = Zn, 
Cd) have been synthesized in the form of single-phase samples. 
Crystal structure determination using single-crystal X-ray 
diffraction shows that Zn-containing phases crystallize in ZrBeSi 
structure type, while  the Cd phases crystallize in the PbFCl 
structure type. All compounds are air- and moisture-sensitive. 
DSC and subsequent PXRD measurements show that all phases 
decompose between 975 K and 1060 K, with the detectable 
reaction between melt and silica DSC vessels at high-
temperatures. Analysis of the electronic band structure shows 
that Zn-containing antimonides are topologically trivial, while Cd-




Synthesis: Handling and manipulation of starting materials and products 
was carried out in an argon filled glovebox (p(O2) < 0.1 ppm). All chemicals 
were used as received from Alfa Aesar: Cs metal (99.8%), Rb metal 
(99.75%), Zn granules (99.8%), Cd shot (99.95%), and Sb shot (99.999%). 
All samples were synthesized via reaction of the elements. Stoichiometric 
amounts of starting materials were loaded into Ta ampoules that were 
welded shut under argon atmosphere. The Ta ampoules were enclosed 
into silica ampules, which were evacuated, and flame sealed. The 
ampoules were heated from room temperature to 823 K over 10 h, 
annealed for 120 h, and cooled to room temperature naturally. Samples 
were ground and reannealed under the same conditions two additional 
times to ensure homogeneity, producing light-gray powder. Single-phase 
samples were collected for each composition (Figure 3). 
Powder X-ray Diffraction: Samples were analyzed via room-temperature 
powder X-ray diffraction using a Rigaku Miniflex 600 diffractometer 
employing Cu-Kα radiation (λ = 1.54185 Å) with a Ni-Kβ filter. CsZnSb and 
RbZnSb scans were performed from 5 – 60° 2θ on a spinning Si-crystal 
zero-background plate on air, while CsCdSb and RbCdSb scans were 
performed on a home-made spinning air-free holder with a Kapton lid. 
Single-Crystal X-ray Diffraction: Single-Crystal X-ray Diffraction was 
carried out using a Bruker D8 Venture diffractometer with a Bruker 
Photon100 CMOS detector employing Mo-Kα radiation (λ = 0.71073 Å). 
The dataset was collected at 100 K under a N2 stream with a variety of φ- 
and ω-scans recorded at a 0.3° step and integrated using the Bruker 
SAINT software package.68 Multiscan absorption correction was used. 
Structure solution and refinement was achieved using the SHELX suite.69 
Atomic positions, occupancy, and equivalent atomic displacement 
parameters for AMSb (A = Rb, Cs; M = Zn, Cd) are shown in Table 2. Full 
details of the structure refinement and anisotropic displacement 
parameters can be found in Tables 1 and 3. 
Energy Dispersive X-ray Spectroscopy: Elemental composition 
analysis was performed through Energy Dispersive X-ray Spectroscopy 
using a FEI Quanta 250 field emission-SEM with EDS detection (Oxford 
X-Max 80) and Aztec software. Powders and crystals were mounted onto 
Al stubs on conductive carbon tape in an air-sensitive holder. The electron 
beam energy used was held constant at 15eV with a working distance of 
10.5 mm. For each composition, measurements were taken at a collection 
of sites to improve statistics. 
Differential Scanning Calorimetry: Differential Scanning Calorimetry 
was performed using a 404 F1 Pegasus calorimeter (Netzsch Thermal 
Analysis).  Approximately 30 mg of sample was loaded in silica ampoules, 
which were evacuated and sealed. The DSC measurements were 
performed between 300-1170 K with a heating/cooling rate of 10 K/min. 
Electronic Band Structure Calculations: Band structure with spin-orbit 
coupling (SOC) in density functional theory (DFT) have been calculated 
with PBE exchange-correlation functional, a plane-wave basis set and 
projected augmented wave method as implemented in VASP.65-67, 70-72 For 
ZrBeSi and PbFCl structure-types, the Monkhorst-Pack k-point mesh of 
(12×12×5) and (11×11×6) including the Γ point have been used, 
respectively.73 A kinetic energy cutoff of 277 eV has been used to expand 
the plane-wave coefficients. 
 
 






Table 1. Single crystal data and refinement parameters for AMSb at 100 K. 
empirical formula CsZnSb RbZnSb CsCdSb RbCdSb 
CCDC-number 1963959 1963962 1963960 1963961 
temperature 100(2) K 
radiation, λ Mo-Kα, 0.71073 Å 
crystal system hexagonal tetragonal 
space group P63/mmc (No. 194) P4/nmm (No. 129) 
a, Å 4.5588(2) 4.5466(4) 4.8884(5) 4.8227(3) 
c, Å 11.9246(6) 11.0999(10) 8.8897(9) 8.5492(7) 
Volume, Å3 214.62(2) 198.71(4) 212.43(5) 198.84(3) 
Z 2 2 2 2 
Data/param. 157/8 113/7 177/10 211/9 
dens., g/cm3 4.95 4.56 5.74 5.34 
µ, mm-1 19.998 24.739 19.564 24.039 
Rint 0.032 0.068 0.033 0.082 
Good.-of-fit 1.12 1.50 1.41 1.37 
R1 [I > 2σ(I)] 0.011 0.020 0.017 0.025 
wR2 [I > 2σ(I)] 0.022 0.036 0.037 0.076 
R1 [all data] 0.014 0.027 0.017 0.036 
wR2 [all data] 0.023 0.038 0.037 0.079 




Table 2. Atomic coordinates and equivalent atomic displacement parameters of 
AMSb at 100 K. 
Atom Wyckoff x/a y/b z/c Occup. Ueq (Å2)[a] 
CsZnSb 
Cs 2a 0 0 ½ 1 0.009(1) 
Zn 2d ⅔ ⅓ ½ 1 0.007(1) 
Sb 2c ⅔ ⅓ ¾ 1 0.007(1) 
RbZnSb 
Rb 2a 0 0 ½ 1 0.005(1) 
Zn 2c ⅔ ⅓ ¾ 1 0.009(1) 
Sb 2d ⅓ ⅔ ¾ 1 0.007(1) 
CsCdSb 
Cs 2c ¼ ¼ 0.8513(7) 1 0.009(1) 
Cd 2b ¾ ¼ ½ 1 0.006(1) 
Sb 2c ½ ½ 0.31198(8) 1 0.008(1) 
RbCdSb 
Rb 2c ¼ ¼ 0.8483(2) 1 0.009(1) 
Cd 2b ¾ ¼ ½ 1 0.007(1) 
Sb 2c ¾ ¾ 0.7001(2) 1 0.005(1) 
[a] Ueq is defined as one third of the trace of the orthogonalized Uij tensor 
 
 
Table 3. Anisotropic displacement parameters (Å2) of AMSb at 100 K.[a] 
Atom U11 U22 U33 U12 U13 U23 
CsZnSb 
Cs 0.010(1) 0.010(1) 0.008(1) 0 0 0.005(1) 
Zn 0.006(1) 0.006(1) 0.009(1) 0 0 0.003(1) 
Sb 0.004(1) 0.005(1) 0.011(1) 0 0 0.002(1) 
RbZnSb 
Rb 0.009(1) 0.009(1) 0.010(1) 0 0 0.002(1) 
Zn 0.006(1) 0.006(1) 0.010(1) 0 0 0.003(1) 
Sb 0.003(1) 0.003(1) 0.010(1) 0 0 0.003(1) 
CsCdSb 
Cs 0.009(1) 0.009(1) 0.010(1) 0 0 0 
Cd 0.007(1) 0.007(1) 0.008(1) 0 0 0 
Sb 0.005(1) 0.005(1) 0.009(1) 0 0 0 
RbCdSb 
Rb 0.006(1) 0.006(1) 0.014(1) 0 0 0 
Cd 0.005(1) 0.005(1) 0.011(1) 0 0 0 
Sb 0.004(1) 0.004(1) 0.010(1) 0 0 0 
[a] The anisotropic displacement factor exponent takes the form: -
2π2[h2a*2U11 + … + 2hka*b*U12]. 
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